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Abstract 
A mathematical model for numerical simulation of the fuel combustion delay in a diesel engine as a problem of dynamic thermal 
explosion during the adiabatic compression has been established. Ignition of fuel and air mixture in the local volume is 
considered at simultaneous evaporation of drops and gas chemical reaction within overall kinetics. Satisfactory correlation of 
computation and experimental fuel combustion delays on speed ability and load ability of the diesel is obtained. Numerical 
modeling of ipact of general kinetics constants on the fuel combustion delay is carried out. The features of self-ignition in the 
diesel are considered at low values of chemical reaction activation energy. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ICIE 2016. 
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1. Introduction 
The fuel combustion delay in the diesel is the important characteristic of the working process which knowledge is 
necessary at the engine design stage. Combustion delay is measured experimentally on the test diesel or calculated 
with the empirical equations which usually look like the equation of O.M. Todes for the induction period of the 
adiabatic thermal explosion (TE) [1, 2] 
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where ,B n  are empirical coefficients; 1 1,  p T  pressure and temperature at the time of the beginning of the fuel 
injection, corresponding to a crank angle (CA) 1I I ; E  - activation energy of overall reaction of fuel ignition; 
R - universal gas constant. We note that these empirical equations have the insufficient accuracy and limited 
application. We note that these empirical equations (1) have the insufficient accuracy and limited application. 
It is known that the working body in the diesel ignites from compression therefore the considered problem 
belongs to the TE dynamic modes. In the assumption of the homogeneous working body, the problem of combustion 
delay in the diesel, on the basis of results of work [3], apparently, for the first time in the theoretical plan is solved in 
works [4, 5]. As a result of the analysis it is obtained, for the sinus mechanism  1 cosc pV V rF I    the condition 
of self ignition for critical pressure 1P p p
   in the system (for range of pressure maxP P
  ): 
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where cV - volume of combustion chamber; 
2 4pF DS - piston area; r - crank radius; e =2,71828..; 
1 2 p crF VH   - geometric compression ratio; 1H - compression ratio after CA 1I I ; 0n - crankshaft frequency; 
D - air excess coefficient; fa
D - stoichiometric concentration of fuel in the homogeneous mixture with air; 
0 ,k s  - pre-exponential factor of the rate constant and total order of chemical reaction of self ignition; 
P VC CJ  - ratio of thermal capacities; Q - molar heat release of the fuel. Subscript “1” applies to the time of the 
fuel injection beginning. 
Despite simplicity of the mathematical model offered in [4, 5], the analytical solution of the problem on critical 
condition of mixture self ignition due to compression (2) obtained reflects correctly physical and chemical processes 
of fuel ignition in the diesel and even it may be recommended to practical use. 
However real process of ignition in the diesel is much more difficult than process of ignition of a homogeneous 
mixture at adiabatic compression. We will formulate the specified mathematical model which some hypotheses are 
presented in [6, 7]. 
2. Mathematical model for the local volume 
We believe that the rational problem definition may be based that the diesel torch is ignited with some self-
ignited local volume (LV) that is located near an external surface of the fuel jet [6, 7]. This LV is formed practically 
at the time of the beginning of fuel injection 1I I  from the smallest drops evaporating in the course of further 
compression. The problem is reduced to finding of the ignition delay (the induction period) iW  of this LV. 
In addition for LV we accept: 
1. the drops which are in LV evaporate due to internal energy of LV which further up to self ignition doesn't 
exchange energy and mass with surrounding gas and other drops which are both out of and in the fuel torch; 
2. only one LV is formed that doesn't reduce a problem generality (as it is possible to change initial conditions of 
self ignition in this LV); 
3. we suppose that drops in LV at the moment 1I I  instantly heat up from fuel supply temperature fT  to 
boiling temperature sT  due to internal energy of LV and then gradually evaporate and self ignition occurs in 
gas phase of LV. 
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2.1. Initial composition of an air charge 
As a result of standard calculation at the time of closing of the inlet valve aI I  we have: oxygen - 1aQ , 
nitrogen - 2aQ , vapors of water- 3aQ , argon - 4aQ  and dioxide carbon - 5aQ of moles. Then until to the beginning of 
fuel injection 1I I  the total number of moles of an air charge is aQ , oxygen part and other components jaa  taking 
into account the state equation at the time of closing of the inlet valve aI I , will be 
5
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2.2. Local volume 
In LV for which the state equations at initial and current moments is given by 
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there proceeds an overall reaction of self ignition on the chemical equation for some mixture fuel (which 
conditional molecule c h oC H O  includes c -  atoms of carbon, h  -  atoms of hydrogen and o  - atoms of oxygen) 
   2 2 24 2 2c h oC H O c h o O cCO h H O   o  ,   6) 
at that new components of the mixture in LV aren't formed as in products of reaction there are only water and 
carbon dioxide. 
Here in (4) it is arbitrarily (for definiteness) accepted that at the time of the beginning of fuel supply (CA 1I I ) 
LV consist of one mole of the substance in the gas phase including five components (vapors of fuel in the gas phase 
are absent): 
(1)
1 1LV aaQ  ,      
(1)
2 2LV aaQ  ,      
(1)
3 3LV aaQ  ,   
(1)
4 4LV aaQ  ,      
(1)
5 5LV aaQ  ,      
(1)
6 0LVQ  .    (7) 
We will be set by in advance unknown coefficient of air excess in LV (it is the varied parameter in the model), 
which would take place if all liquid fuel in LV evaporated instantaneously at the time of crank angle 1I I . 
Taking into account (6) and that after evaporation of fuel drops in LV the air excess coefficient in it will accept 
preassigned value LVD , we have 
(1)
1 4 2
LV fLV
LV
f
m h oc
M
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,   
from (7) we find mass of liquid fuel fLVm  in LV at the moment 1I I , namely 
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The initial temperature of the mixture at once after the moment of the beginning of fuel supply is founded from 
the energy (enthalpy) balance equation for one mole of gas, taking into account liquid fuel drop heating up (or 
drops) from temperature of fuel supply from the nozzle fT  to the boiling temperature sT , that is 
   (1)1 1 fLV f s f f pLVT m C T T M CT     ,   (9) 
where (1)pLV pC C  is the initial molar heat capacity of the gas in LV; pC  the molar heat capacity of the gas 
surrounding the fuel jet. 
Mass fuel evaporation rate in LV taking into account average effective diameter dropG  and average mass 
3
drop drop( 6) fm S G U , will be as [8] 
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where L Ɉs V LVm dm dI
x
  is the derivative on crank angle. 
Chemical reaction rate in the gas phase in LV is described by the overall kinetics equation 
  20 6 1LV exp
s
LV
EW k A A
RT
§ · ¨ ¸© ¹
,    (11) 
where 6 1,LV LVA A  - concentration of fuel vapors (j=6) and oxygen (j=1). 
The rates on mixture components for oxygen (j=1), nitrogen (j=2), water vapor (j=3), argon (j=4), carbon dioxide 
(j=5) and fuel vapor (j=6) with taking into account (5) will be: 
1 4 2
h oW c W§ ·   ¨ ¸© ¹
,      2 0W  ,      3 2
hW W ,      4 0W  ,      5W cW ,      6W W  .  
At that the summary quantity of moles in LV is  
(1) (1)
LV 1LV 2LV 4LV 3LV 5LV 6LVQ Q Q Q Q Q Q      .   
Rates of concentration change of the mixture components in LV with taking into account processes of 
evaporation and fuel self ignition according to the equation of overall kinetics (6), in case of variables temperature 
and pressure will be [9] 
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and rates of moles number change of the mixture components in LV, taking into account (6), will be 
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The equation of energy for the mixture in LV may be represented as the dependence 
 
6 ɅɈ ɅɈ ɅɈɅɈ ɅɈ
6
1 0 ɅɈ ɅɈ
1  .
2 4 2
j j jP s
p s s
j f
W HC mp h o C T L
R p R n p R M
QT Q T
T T S Q Q T
xx x x
 
ª º§ ·« » ª º        ¨ ¸ ¬ ¼« »© ¹¬ ¼
¦   (20) 
3. Mathematical model of in-cylinder process 
As noted above the local volume is small in comparison with cylinder volume therefore the chemical reaction of 
self ignition that occurs in it has no influence on pressure dynamics in the cylinder of the engine. We also neglect 
the volume of liquid fuel compare with the volume of the gas phase. The system of equations of the self ignition 
process of LV in the combustion chamber volume along with (3)-(5), (7)-(20) includes the equations: 
x of dynamics of the system volume (for the axial mechanism) 
2 2
1 cossin 1
2 1 sinc
V
V
H II
O I
x § · ¨ ¸ 
¨ ¸© ¹
 ,  (21) 
x of the law of liquid fuel supply (for 1 1 zI I I Id d  ) 
f z zm m I
x
  ,  (22) 
(here ,z zmI - duration and mass of cycle fuel supply). 
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x of fuel evaporation rate (with taking into account the evaporation effectiveness factor due to deficit hot gas phase 
in the fuel jet 0 1fkd d ; in computations it is usually assumed 0.5fk  ) [8] 
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where a - mean effective diameter of a fuel drop in a jet; in computations it usually was accepted dropa G , 
x of state of the air charge (the general mixture, without division into fuel jets and air charge) 
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x of pressure dynamics (energy of the overall mixture) in the cylinder, taking into account heat exchange processes 
with walls and fuel drops and mass exchange with evaporating fuel drops in the fuel jets, 
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As a result of integration of the system of equations (5), (10)-(25) with initial conditions (3), (4), (7)-(9) with 
Runge-Kutt's method of the fourth order with own computer code [10], developed in algorithmic language C  with 
using compiler Linux, by means of differential criterion of self ignition [3] 
ln ln 1d d pT  ,   ɢɥɢ     1p pT T
x x§ · § ·  ¨ ¸ ¨ ¸© ¹ © ¹
,  
we found iW  of fuel ignition in the diesel. Thus in this problem we find the combined fuel ignition delay that 
uniting the physical delay (evaporation of fuel drops in LV) and the chemical delay (self ignition in LV of the 
mixture) as both processes occur simultaneously. 
4. Ignition delay in diesels at fuel supply with individual injectors. Determining of kinetics of diesel fuel 
Experimental data on fuel ignition delays iW  are obtained from indicator diagrams in the conditions of factory 
testing on speed and adjusting abilities of single-cylinder diesel installation by dimension 13/14 [7]. At fuel supply 
with individual injectors the injection pressure is usually equal 20-40 MPa (in our tests it was near 30 MPa).
4.1. Assessment of the activation energy 
As the thermodynamic model of diesel fuel there is considered the mixture fuel consisting of 50% cetane 16 34C H  
and 50% of 1 methyl naphthalene 11 10C H  that burns on the overall kinetics equation (6). 
For the numerical solution of the problem of ignition delay it is necessary to know overall kinetics constants in 
the equation (11), namely, energy of activation E , a pre-exponential factor of the rate constant 0k  and an overall 
order of chemical reaction s . These constants for diesel fuel are known now with the insufficient accuracy that 
doesn’t allow starting directly numerical modeling of the problem. 
We will note that in empirical equations of the type (1) of different authors for calculation of diesel fuel ignition 
delay there are accepted as the activation energy E  and an overall order of reaction 1s n   the numerical values 
significantly differing from each other [11] (Table 1). 
Other problem of the selection of overall kinetics constants consists in that both for light and for heavy 
hydrocarbons the overall kinetics of self ignition is remarkable that activation energy in the temperature range of 
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700-900 K has quite sharp break of the curve. More detailed consideration of this temperature range shows that 
activation energy there is very uncertain value [12]. 
That behavior of the reaction activation energy in transitional temperature range is apparently connected with the 
two stage of self ignition of the hydrocarbons that noted repeatedly by different authors. According to the equation 
(1) The activation energy can be found from the diagram of dependence of the fuel ignition delay on the inverse 
temperature lg (1 )i TW . For example the analysis of experimental data on ignition delays of the diesel fuel that 
received in the constant pressure bomb constp   shows that for the high-temperature range E=25 kJ/mol, and for 
the low-temperature about 90 kJ/mol [13]. In [11] close data are provided for high-temperature range of 25140 
J/mol, for low-temperature – 76670 J/ mol. 
As at self ignition the thermodynamic state of the mixture consistently passes the range from low temperatures to 
high ones including transitional range it is necessary to find out also influence of activation energy value on the fuel 
ignition delay in a diesel. 
At numerical modeling at the first there was accepted very low activation energy of E=25140 J/mol that 
characteristic for high-temperature range [12] and influence of air excess coefficient in the local volume LVD  on the 
fuel ignition delay was considered. 
Numerical modeling of the fuel self ignition process in LV located on external border of the fuel jet was carried 
out as follows. For LVD =1 on the ignition delay that is known from the experimental data ( iW =9.5°of CA) obtained 
on single-cylinder installation the effective rate constant of the overall reaction was found at the order of reaction s
=1.5. Further for this rate constant the air excess coefficient in LV was varied. Calculations show that at increase in 
LVD  the ignition delay at first decreases and then slowly increases. The minimum corresponds LVD =1.35 (Fig. 1, the 
bottom curve). 
Then for the new air excess coefficient in LV LVD =1.35 the new effective rate constant was found at the reaction 
order of 1.5 for the same experimental data. Thus the variation of the air excess coefficient LVD  in LV confirmed 
existence of a minimum of the delay at LVD =1.35 (Fig. 1, top curve). 
Similar calculations were carried out for activation energy of E=76670 J/mol that characteristic for low-
temperature range. At the variation of air excess coefficient in LV there was obtained the minimum at the value LVD
=1.19. For this value it was found new rate constant and we made sure of existence the minimum at LVD =1.19. 
Table 1. The kinetic constants accepted in empirical equations [11]. 
Author (authors) of 
the empirical equation 
The accepted value of activation 
energy, 
ȿ, J/mol 
Value of a baric exponent, 
N 
Corresponding order of reaction, 
s  
B. Knicht 38600 -0,39 1,39 
F. Stringer 45500 -0,76 1,76 
H. Fujimoto 42650 -1,06 2,06 
F. Schmidt 52630 -1,08 2,08 
H. Volfer 38660 (37900) -1,19 2,19 
G. Hiroyasu, T. Kadota 
and M. Arai 
60530 -1,23 2,23 
R.Z. Kavtoradze 36580 -1,3 2,3 
M. Tuge 17100 -1,66 2,66 
L. Spadachiny, J. Te Velde 174000 -2,0 3,0 
 
Numerical modeling shows that the variation of activation energy over a wide range at the constant order of 
chemical reaction s =1.5 allows to find dependence of optimum of the air excess coefficient in LV (corresponding 
to the minimum of ignition delay). At increase in activation energy E from 25140 to 76670 J/mol the optimum air 
excess coefficient in LV decreases monotonously from the value of 1.35 to 1.19. At that pre-exponential factor of 
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the rate constant of the overall reaction corresponding to the optimum value of LVD  grows monotonously from the 
value 2.18·108 to 5.85·109 mol-0.5m1.5s-1.  
 
 
 
Fig. 1. Dependence of fuel ignition delay in the diesel on air excess coefficient in LV at activation energy of E=25140 J/mol and the order of 
chemical reaction of s=1.5:1- ĮLV=1.0,  k0= 9.69108; 2- ĮLV=1.35,  k0=2.18108 mol-0.5m1.5s-1 
 
Fig. 2. Dependence of fuel ignition delay in the diesel on air excess coefficient in LV at activation energy of E=38000 J/mol and the order of 
chemical reaction of s=2.5: 1- ĮLV=1.05,  k0=1.781013; 2- ĮLV=1.4,  k0=9.391012 mol-0.5m1.5s-1 
At final choice of the value of effective activation energy of chemical reaction, apparently it is possible to choose 
the value of E=38000 J/mol being average value between low-temperature and high-temperature ranges (Fig. 2, 
Table 1) that is characteristic for transitional range. For activation energy of E=38000 J/mol and the overall order of 
reaction of s=1.5 the dependence of fuel ignition delay on air excess coefficient in LV are similar to the dependences 
obtained for high-temperature E=25140 J/mol and low-temperature E=76670 J/mol ranges. The minimum takes 
place at LVD =1.30 (Table 2). 
Table 2. The kinetic constants accepted in empirical equations [11]. 
Compression 
ratio, 
H  
Rotation 
frequency, 
0n , min-1 
delay iW , CA. Optimum value 
LVD  
Values of the kinetics constants 
exper. calculation ȿ, J/mol 0k , (mol,m,s) s  
15.5 1300 9.5 9.5 
1.35 25140 2.18·108 
1,5 1.19 76670 5.85·109 
1.30 38000 4.04·108 
15.5 
1700 10.9 10.91 
1.40 38000 9.39·1012 2.5 
1500 9.4 9.96 
1300 9.5 9.5 
1200 9.1 9.1 
1100 9.0 8.7 
17.5 
1700 9.7 8.73 
1.40 38000 9.39·1012 2.5 
1500 7.8 8.2 
1300 8.2 7.39 
1200 8.2 7.38 
1100 7.3 7.14 
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So for any experimental point (for example, for n0=1300 minutes-1) at the set compression ratio H =15.5 after the 
choice of some activation energy value of (for example, E=38000 J/mol) as a result of numerical calculations it is 
possible to find air excess coefficient LVD  that is LVD =1.30 corresponding to the minimum ignition delay and then 
numerical value of pre-exponential factor of the rate constant 0k  that is 4.04·10
8 mol-0.5m1.5s-1 (Table 2). 
It is in addition possible to plot diagrams of dependences of initial and end temperature of the LV mixture on 
LVD  (Fig. 3) which are practically coincide with each other. At increase LVD the initial temperature of the mixture 
before self ignition grows (Fig. 3, curve 1) and end one after self ignition falls (Fig. 3, curve 2). At that in the range 
of LVD  change in LV from 1.19 to 1.35 the end temperature of the mixture in LV (after self ignition and 
combustion) is sufficiently high to ignite the fuel and air torch (Fig. 3). 
Besides, the analysis of a number of empirical equations on fuel ignition delays shows [11] that in them for diesel 
fuel the value of a baric exponent corresponding to the order of reaction 1s n   within 1.4-3.0 (Table 1) is 
accepted. Therefore numerical research of influence of an order of reaction on the tangent of inclination angle of the 
speed ability was carried out 0( )i nW . 
At plotting of the speed ability of fuel ignition delay in the diesel 0( )i nW  it turns out that, except a starting point 
at n0=1300 minutes-1 all other calculated points won't rather well be agreed with experiment (for smaller values of 
rotation frequency they are lower experimental, and for the high are above). That is the tangent of inclination angle 
of the theoretical dependence 0( )i nW  plotted in fig. 4 doesn't correspond to experimental value (Table 2). At that 
numerical calculations show that the variation of the value of activation energy of E in the range from 25140 to 
76670 J/mol doesn't influence on the tangent of inclination angle of the speed ability 0( )i nW . 
There is appeared an assumption that the numerical value of an overall order of chemical reaction of s=1.5 
accepted by us isn't the optimum one. Numerical calculations at change of an order of reaction towards increase 
show that the tangent of inclination angle of the speed ability 0( )i nW  decreases and at the value of s=2.5 is 
corresponding with experimental data (Table 2, Fig. 4). 
Further for activation energy of E=38000 J/mol by means of variation LVD  in the LV we find the minimum of 
fuel ignition delay at the value of LVD =1.40 (Fig. 2, bottom curve). For this value we find a new pre-exponential 
factor of a rate constant of overall chemical reaction of k=9.39·1012 mol–1.5m4.5s-1 and we make sure of occurrence of 
the minimum at LVD =1.40 (Fig. 2, top curve). As expected the dependences obtained are similar those plotted in fig. 
1 (Table 2). 
 
Fig. 3. Dependence of the mixture temperature in LV on air excess coefficient ĮLV, activation energy E and the reaction orders (it is obtained by 
imposing of a number of dependences): 1 – initial temperature in LV; 2 – end temperature in LV 
 
Fig. 4. Dependence of ignition delay in the diesel on the rotation frequency of the cranked shaft at s=2.5, E=38000 J/mol, k0=9.39·1012 mol-
1.5m4,5s-1, İ=15.5 and 17.5. Dashed lines – experiment, continuous – calculation 
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4.2. Modeling of fuel ignition delay in the diesel with system of fuel supply of an elevated pressure of like 
Common Rail (CR) 
Experimental data on fuel ignition delays in the diesel with fuel supply system like CR are obtained in AltSTU 
(Barnaul, Russia) from processing of indicator diagrams of full-scale tests on single-cylinder diesel installation by 
dimension 13/14 [14, 15]. Figure 5 show the influence of air excess coefficient in LV on the fuel ignition delay. 
Though qualitative nature of dependence remains (Figs 1 and 2) that is at increase LVD  from the value of 1.0 the 
characteristic minimum is observed however it is very poorly expressed therefore in practical calculations for the 
diesel with fuel supply system like CR it is possible to assume LVD =1.0 without prejudice to accuracy. Calculations 
are carried out for the overall kinetics with reaction order of s=2, activation energy of E=38000 J/mol and the rate 
constant k0= 6.4102 mol-1m3s-1. 
 
 
Fig. 5. Influence of air excess coefficient in LV on the fuel ignition delay 
 
Fig. 6. Comparative speed ability of the ignition delay at the fuel injection pressure ping=90 MPa: points – experimental data; dotted line – the 
trend line; the continuous line – numerical modeling 
 
Fig. 7. The speed ability of the ignition delay at the injection pressure of ping=150 MPa: points – experimental data; dotted line – the trend line;the 
continuous line – numerical calculation 
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Fig. 8. The load ability of the ignition delay at the injection pressure of ping=60 MPa and frequency of rotation n=1700 min-1: points – 
experimental data; dotted line – the trend line; the continuous line – numerical calculation 
In figures 6 and 7 results of numerical modeling of the fuel ignition delay iW  are given in speed ability 
characteristics with the fuel injection pressure injp  equal to 90 and 150 MPa respectively in comparison with the 
experimental data obtained on the single-cylinder installation. 
From the figs 6 and 7 it is seen that compliance of experimental and calculated fuel ignition delays on speed 
ability are quite satisfactory. The greatest dispersion of experimental points takes place on the load ability (Fig. 8) 
correspondingly the results of numerical modeling of the fuel ignition delay have more deviation from experimental 
values (but they can also be considered as satisfactory). 
5. Features of self ignition in the diesel at low activation energy of chemical reaction 
As it was noted above, at many hydrocarbons, especially with heavy molecular weight, process of self ignition 
takes place in two stages and at temperatures of 700-900 K this process has very uncertain value of activation 
energy [12] at that rather low value (down to zero value). It is connected with accumulation and then decomposition 
(at these temperatures) hydroperoxides mainly 2 2H O . This circumstance may result in significant increase in 
chemical reaction rate at these temperatures and at self ignition of heavy hydrocarbons to shift this maximum in area 
of rich mixtures despite considerable cooling of the mixture because of evaporation of liquid fuel drops. 
As Charles K. Westbrook notes (Westbrook Charles K. 2000) in the proceedings of the international symposium 
on combustion [16] diesel engines exist already many years but until recently the basic physical and chemical 
principles of combustion in the diesel weren't adequately understood. Further he notes that rather recently in the 
series of profound studies with laser diagnostics J.E. Dec (Dec J.E. 1997) presented the clear self-consistent picture 
of combustion in the diesel [17]. His results show that the fuel jet quickly evaporates and mixes up with the hot 
compressed air. An air excess coefficient and temperature of being formed mixture increase simultaneously. The 
mixture starts to react. By results of Dec's observation this mixture ignites at the very low air excess coefficient of 
about Į = 0.25. 
This large-scale problem of ignition was analyzed with use of detailed chemical kinetics [18]. The premixed area 
starts to react when the air excess coefficient of reaches Į=0.1 though chemical reaction rate at the beginning is very 
low. In the progress of the mixing process and temperature growth the reaction rate grows. Fast reaction begins 
when temperature of the mixture becomes about 700 K. The mechanism of ignition of the mixture is identical to the 
mechanism for any other hydrocarbons (through accumulation, and then decomposition of H2O2 which is observed 
at reaching of some rather high temperature). Thus the kinetic mechanism of ignition in the diesel is identical to that 
implemented in rapid compression machines (RCM) and at knock in the engines with spark ignition. The main 
difference is that ignition in the diesel takes place in the conditions of very rich fuel mixture. 
The conclusion of authors of above mentioned works that ignition takes place in the conditions of very rich fuel 
mixture isn't confirmed by our researches (Figs. 9-11). The dependences obtained by us testify accurately that 
ignition takes place in poor mixture at the air excess coefficient close to stoichiometric one at some shift in area of 
poor mixture (Į = 1.03-1.40). It is also confirmed by the plot of initial mixture temperature versus air excess 
coefficient (Fig. 12). The matter is that formation of rich fuel mixture from evaporating drops requires considerable 
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energy which couldn't be taken other than from the air. Therefore initial temperature of the rich mixture is very low 
for self ignition of the considered volume of the mixture (Fig. 12). 
On the other hand according to the kinetic equation (6) for heavy hydrocarbons to which diesel fuel (DF) belongs 
mixture shift in LV from stoichiometric to rich area, for example, to LVD =0.5 will bring about to increase in the 
reaction rate approximately twice. This effect especially brightly has to become apparent at the very low activation 
energy about 40000 J/mol and less that isn't generally characteristic for combustion processes (with the value of 
activation energy of =80000-170000 J/mol). Therefore, taking into account works of foreign authors [16-18] we 
conducted researches of self ignition of DT in LV at the expanded range of the air excess coefficient for different 
values of activation energy of chemical reaction. Once again we note that ambiguity of a choice of activation energy 
E  that influencing on features of physical and chemical process of fuel self ignition is one of basic difficulties of 
theoretical determination of the fuel ignition delay in the diesel. 
Activation energy. Modeling of fuel ignition delay carried out in works [7, 14] with the activation energy is equal 
to 25140, 76670 and 38000 J/mol at air excess coefficient in LV LVD >1 on the basis of experimental data showed 
the next. At the overall order of the reaction 1.5 2.5s    by variation of LVD  as a result of solution of the inverse 
problem the overall kinetics constants obtained describe well the value of the period of induction (the fuel ignition 
delay) iW  on speed and load ability of the engine including at change of geometrical compression ratio. Though in 
the final version it was accepted of activation energy of E =38000 J/mol, but it was the arbitrary decision as the 
preference was unevident. 
Additional calculations of the self ignition process of the mixture in LV in the diesel on the equations given 
above at variation of air excess coefficient LVD  including area of rich mixtures showed the following [19]. 
Figure 9 shows the dependence of initial temperature iT  of the mixture and end temperature of the combustion 
products eT  on the air excess coefficient in LV. As it is seen from the plot at LVD <0.3 initial temperature of the 
mixture is lower 600 K (because of energy consumption on fuel evaporation) that result in increase in the fuel 
ignition delay. And conditions of ignition of fuel torch with combustion products of the mixture in LV (not lower 
than 1700 K) limit the possible values of LVD  in the range from 0.55 to 1.25. 
Figure 10 shows dependence of the fuel ignition delay iW  in LV on the air excess coefficient at activation energy 
of the mixture of E=38000 J/mol, 1.5s   and 97.67 10k    mol-0.5m1.5s-1. The rate constant is obtained for the 
experimental point (fig. 10, black circle) at the condition of LVD =1.0. It is seen existence of two minima (fig. 10, 
light triangles) one in rich mixture LVD =0.45 and another that is less deep in poor area LVD =1.5. At that the 
maximum of initial chemical reaction rate in LV (fig. 10, light square) takes place also in rich area. Thus, taking into 
account fig. 1 it is possible mixture ignition in LV at LVD =0.55 that is satisfactory agreed with Dec's results (Dec 
J.E. 1997) [17]. 
In figures 11 and 12 there are dependences of the fuel ignition delay in LV on the air excess coefficient for 
activation energy of the mixture of E=76670 and E=120000 J/mol respectively. 
From figure 11 it is seen that similar to fig. 10 there are two minima of the fuel ignition delay (fig. 15, light 
triangles) of rich LVD =0.85 and poor LVD =1.15 that are situated symmetrically relative to stoichiometric 
composition of the mixture LVD =1 and approximately the identical depth so it is difficult to give preference any of 
them. At that the maximum of initial chemical reaction rate is just between minima (fig. 11, light square) near 
concentration LVD =1. 
From fig. 12 it is seen only one minimum of the fuel ignition delay in poor area LVD =1.60 (fig. 16, light 
triangle). At that the maximum of initial chemical reaction rate is just at LVD =1.60 (fig. 12, light square). Thus 
taking into account fig. 9 mixture ignition in LV is possible at LVD =1.25 that is not agreed with Dec's results (Dec 
J.E. 1997) [17] but doesn't contradict our works [7, 14, 19]. 
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Fig. 9. Dependence of initial și and end șe temperature of the mixture in LV on the air excess coefficient ĮLV. 1 – initial temperature; 2 – end 
temperature; 3 - temperature restriction on the condition of fuel torch ignition. 
 
Fig. 10. Dependence of the fuel ignition delay in the diesel Ĳi on ĮLV in LV at activation energy of E=38000 J/mol (s=1.5): 1 - ignition delay; 
2 - initial chemical reaction rate; 3 - product of concentrations of fuel and oxidizer. 
 
Fig. 11. Dependence of the fuel ignition delay in the diesel Ĳi on ĮLV in LV: E=38000 J/mol, s=1.5 and k0=5.37Â109 mol-0.5m1.5s-1 (designations in 
figure 14). 
 
Fig. 12. Dependence of the fuel ignition delay in the diesel Ĳi on ĮLV in LV: E=120000 J/mol, s=1.5 and k0=2.81Â109 mol-0.5m1.5s-1 (designations in 
figure 14). 
6. Conclusions 
1. It is formulated physical and it is constructed mathematical models of fuel self ignition in the diesel. The 
computer program for numerical modeling of ignition delay in the diesel is developed. 
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2. Numerical modeling of the direct and inverse problems of dynamics of self ignition in the diesel and on the 
base of own experimental data there was carried out researches of overall kinetics constants of diesel fuel and 
the dependences of the ignition delay in the diesel on the process parameters according to speed and load 
abilities of the engine. 
3. At increase of fuel injection pressure injp  the ignition delay iW , as a whole, decreases because of increase in 
fineness of fuel atomizing (reduction of average diameter of drops) that result in reduction of physical and 
sum components of ignition delay in the diesel. 
4. Modes of fuel ignition in the diesel in the area of very rich mix LVD =0.5 (but not below) can be realized on 
heavy fuels at low activation energy E  about 40 kJ/mol that isn't characteristic for classical problems of the 
combustion theory. 
5. On the basis of own and literature information we may claim that in the diesel fuel self ignition happens at 
mixture concentration close to stoichiometric one with shift in poor area (at 1.05< LVD <1.25) with activation 
energy of the overall reaction E in the range of 25000 - 77000 J/mol. 
6. The conclusion of authors of works [17-19] that self ignition in the diesel happens in the conditions of rich 
mixtures isn't probably final. The problem demands further experimental and theoretical studies with use of 
detailed kinetics of chemical reactions. 
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